Solubilities of 2,4-dihydroxybenzophenone have been measured at 298 K in 19 organic solvents. Combination with a known value of the solubility in water enables corresponding partition coefficients from water to these solvents to be deduced. It is shown that solubilities, via the partition coefficients, can yield the Abraham descriptors for 2,4-dihydroxybenzophenone, and that these, in turn, can be used to estimate a very large number of further solubilities, partition coefficients, and values of biological and environmental properties. This method of extracting information from solubilities is further illustrated using literature data on solubilities of biotin and of caprolactam.
INTRODUCTION
There are now numerous reports of the determination of solubilities, often as the solubility of a given compound in a series of solvents. Such determinations are very important in the selection of solvents for crystallization, extraction, and purification. However, it is not widely appreciated that solubilities of a given compound in a series of solvents encode a great deal of information on physicochemical properties of the compound and that it is possible to determine these properties (or descriptors) through an analysis of the solubility data. Once these compound descriptors have been determined, they can be used to estimate a large number of further physicochemical, environmental, and biochemical properties of the compound. We illustrate the methods we have used through an analysis of our own data on solubilities of 2,4dihydroxybenzophenone, CAS Registry No. 131-56-6, and literature data on solubililities of biotin, 1 CAS Registry No. 58-85-5, and caprolactam, 2 CAS Registry No. 105-62-2.
The method used to extract compound descriptors from solubilities has been described several times, 3−8 and reviews are also available. 9, 10 In brief, we use two linear equations, eq 1 and eq 2. The dependent variable, SP, is a set of values for a series of solutes in a given system. Thus, SP in eq 1 can be a series of partition coefficients, as log P, in a specific water−solvent system, and SP in eq 2 can be a series of gas−solvent partition coefficients, as log K, in a specific solvent. The independent variables, or descriptors, are properties of the solutes as follows: 3−10 E is the solute excess molar refractivity in units of (cm 3 mol −1 )/10, S is the solute dipolarity/polarizability, A and B are the overall or summation hydrogen bond acidity and basicity, V is the McGowan characteristic volume in units of (cm 3 mol −1 )/100, and L is the logarithm of the gas− hexadecane partition coefficient at 298 K. The descriptors, in effect, summarize the propensity of a given solute to interact with surrounding solvent molecules. The coefficients in eq 1 and eq 2 are obtained by multiple linear regression analysis and serve to characterize the system under consideration. The coefficients are listed in Table 1 for a number of water to solvent and gas to solvent systems. It is important to note that the coefficients refer to hypothetical partitions between water or the gas phase and a "dry" solvent. More complete lists of systems, including partitions into "wet" solvents 3−8 and various biological systems 7 are available.
Equations 1 and 2 can be applied to solubilities through eqs 3 and 4.
In these equations C and C w are the solubilities of a solute, in mol dm −3 , in a solvent and in water respectively, and C g is the saturated vapor concentration of the solute, again in mol dm −3 . Note that K and K w are dimensionless. Equations 3 and 4 require that in the saturated solutions in water and the solvent the same species is in equilibrium with the solid phase, hence that no solvates are present. Solubilities in water and in a series of solvents of a given solute can then be converted into a series of log P values between water and the solvents. Once log P values are available for partition into a series of solvents for which the coefficients in eq 1 and eq 2 are known, see Table 1 , it is possible to set up a series of simultaneous equations that can be solved to yield the unknown solute descriptors. The number of equations can be considerably increased through eq 2. EXPERIMENTAL SECTION Materials. 2,4-Dihydroxybenzophenone was purchased from a commercial source and was recrystallized twice from anhydrous methanol before use. All organic solvents were dried over molecular sieves and distilled prior to use. The sources, mass fraction purities, and analysis methods of the chemicals are given in Table 2 .
Solubility Measurements. Solubilities were determined by spectrophometric analysis. An excess amount of 2,4-dihydroxybenzophenone and the solvent were placed in amber glass bottles and allowed to equilibrate in a constant temperature water bath at 298.2 ± 0.1 K for at least 3 days (often longer) with periodic agitation. After equilibration, the samples stood unagitated for several hours in the constant temperature bath to allow any finely dispersed solid particles to settle to the bottom of the container. Attainment of equilibrium was verified both by repetitive measurements performed 2 days later and by approaching equilibrium from supersaturation by pre-equilibrating the samples at a slightly higher temperature for several hours. Aliquots of saturated solutions were transferred into a Experimental molar concentrations were converted to (mass/mass) solubility fractions by multiplying by the molar mass of 2,4-dihydroxybenzophenone, volume(s) of volumetric flask(s) used and any dilutions required to place the measured absorbances on the Beer−Lambert law absorbance versus concentration working curve, and then dividing by the mass of the saturated sample analyzed. Mole fraction solubilities were computed from solubility mass fractions using the molar masses of the solute and solvent. Experimental 2,4-dihydroxybenzophenone solubilities, x S , in the 21 organic solvents studied are reported in Table 3 . Numerical values represent the average of between four and ten independent determinations and were reproducible to within ± 1.5 % (relative percent error).
Calculation of the solute descriptors requires that experimental mole fraction solubilities be converted to molar solubilities. This is accomplished by dividing x S , by the ideal molar volume of the saturated solution (i.e., C ≈ x S /[x S V solute + (1 − x S )V solvent ]). A value of V solute = 164.2 cm 3 mol −1 was used for the molar volume of the hypothetical subcooled liquid 2,4dihydroxybenzophenone. Any errors resulting from our estimation of the 2,4-dihydroxybenzophenone's hypothetical subcooled liquid molar volume, V solute , or the ideal molar volume approximation should have negligible effect of the calculated C values as 2,4-dihydroxybenzophenone exhibits a very low solubility in many of the organic solvents considered in the present investigation. Solubilities of 2,4-dihydroxybenzophenone at 298 K, in mol dm −3 solution (molarity scale), are in Table 4 . The value for the aqueous solubility is that given by Lu and Lu. 13 
RESULTS AND DISCUSSION
The solubilities of 2,4-dihydroxybenzophenone in Table 4 yield 19 values of the corresponding water−solvent partition coefficients, P, through eq 3. Then if the value of log K w is allowed to float, a further set of 19 gas−solvent partition coefficients can be obtained through eq 4. There are also two extra equations for the gas−water partition, see Table 1 , to yield a total of 40 simultaneous equations with coefficients as shown in Table 1 . The value of E was taken 11 as 1.73, and V was calculated 12 as 1.5982; this leaves S, A, B, L, and log K w as unknowns to be determined from the set of simultaneous equations by a "best-fit" method. With the descriptors given in Table 5 , the 40 simultaneous equations were solved with a standard deviation of 0.095 log units. The calculated values of P can then be converted into calculated solubilities through eq 3, and the latter are given in Table 4 . For solubilities in the 19 organic solvents, the average error between the experimental and the calculated values, AE, is 0.002, the absolute average error, AAE, is 0.071, and the standard deviation, SD, is 0.092 log units. The descriptors given in Table 5 make general chemical sense. The hydrogen-bond acidity, A, seems very low, but the 2hydroxy group forms a strong intramolecular hydrogen bond with the carbonyl oxygen, so the overall hydrogen bond acidity is entirely due to the 4-hydroxyl group.
Lu and Lu 13 determined the solubility of 2,4-dihydroxybenzophenone not only in water but also in water−ethanol mixtures. We have determined equation coefficients for water− ethanol mixtures across the whole composition range with compositions in volume percent of ethanol. 14 The solubility determinations of Lu and Lu were all at low ethanol concentrations, and the various log P values contribute very little with regard to the set of simultaneous equations. We therefore did not use the solubilities in water−ethanol mixtures in the deduction of descriptors for 2,4-dihydroxybenzophenone, but instead we used the obtained descriptors to predict log P for water−ethanol mixtures and then to predict log C in the mixtures. These are shown in Figure 1 as a function of volume percent of ethanol.
Biotin, vitamin H, is an important compound. It has a rather unusual structure, and we use it as another illustration of determination of properties, this time from a rather restricted number of solubilities. The procedure is exactly the same as that described for 2,4-dihydroxybenzophenone. Su et al. 1 have determined solubilities of biotin in water and five solvents as shown in Table 6 . We have no equation for acetic acid and so are restricted to only four partition coefficients, as found using eq 3. However, we can convert all of the log P values to values of log K through eq 4; we have two extra equations in log K w , see Table 1 , and so have a total of ten simultaneous equations. We take E as 1.35 11 and V as 1.7536, 12 and have easily enough equations to determine the unknowns S, A, B, L, and log K w , as given in Table 5 .
In the case of 2,4-hydroxybenzophenone and biotin, it was possible to convert all of the solubilities in organic solvents into corresponding partition coefficients through a known value of the solubility in water. There are cases where solubilities of a given compound have been determined in organic solvents, but not in water, so it appears that the partition coefficients required for our analysis cannot be deduced through eq 3. However, it is possible to circumvent this difficulty by using the water solubility, as log C w , as another unknown to be determined by the usual trial-and-error method. We use caprolactam as an example of a compound for which only solubilities in organic solvents are available. Guo et al. 15 determined solubilities in five organic solvents. Values of log C at 298 K are given in Table 7 . With log C w as an unknown to be determined, these solubilities yield five water−solvent partition coefficients, through eq 3. Then if log K w is taken as another unknown, five gas−solvent partition coefficients are available. In addition, there are two equations, see Table 1 , for gas− solvent partitions, making up 12 equations in total. We take E as 0.59 11 and V as 0.9609, 12 leaving six unknowns to be determined, viz., S, A, B, L, log C w , and log K w . There are easily enough equations to obtain these unknowns by the method of simultaneous equations. We find with log C w as 0.78, and with the descriptors given in Table 5 , calculated solubilities are very close to those observed, see Table 7 . Once descriptors are known for a given compound, they can be combined with coefficients in eq 1 and eq 2 to predict partition coefficients from water and the gas phase to any of the solvents listed in Table 1 . Then from either an experimental value of log C w , or from a calculated value, the corresponding solubilities in the solvents can be obtained, trivially. Some predicted solubilites obtained in this way are given in Tables 4,  6 , and 7 and illustrate the use of the present method in the selection of solvents for extraction and purification. Partition coefficients from water and the gas phase to wet solvents, and corresponding solubilities in wet solvents can similarly be predicted using the required equation coefficients that we have listed. 3−8 Equation coefficients are available for partition from water and the gas phase into ionic liquids, 16, 17 and solubilities in these ionic liquids can then easily be calculated. Coefficients are also available for equations related to various biological and environmental processes, 18−20 and it is a matter of simple arithmetic to obtain values for these processes. All of this information can be obtained from the determination of solubilities in organic solvents and in water. If a water solubility is not available, it can be deduced, as part of the general method, as we have shown for caprolactam. It should be pointed out that the coefficients for partition coefficients in Table 1 refer specifically to 298 K, and hence our predictions of these partition coefficients and the corresponding solubilities also refer to 298 K. However, the obtained descriptors can be used in equations for processes at any temperature. For example, the descriptors in Table 5 can be used to predict solubility in water from 273 K to 573 K. 21, 22 ■ AUTHOR INFORMATION Corresponding Author *E-Mail: m.h.abraham@ucl.ac.uk.
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